A novel Achromobacter xylosoxidans bacteriophage, phiAxp-2, was isolated from hospital sewage in China. The phage was morphologically and microbiologically characterized, and its one-step growth curve, host range, genomic sequence, and receptor were determined. Its morphology showed that phiAxp-2 belongs to the family Siphoviridae. Microbiological characterization demonstrated that pH 7 is most suitable for phage phiAxp-2; its titer decreased when the temperature exceeded 50 °C; phiAxp-2 is sensitive to ethanol and isopropanol; and the presence of calcium and magnesium ions is necessary to accelerate cell lysis and improve the formation of phiAxp-2 plaques. Genomic sequencing and a bioinformatic analysis showed that phage phiAxp-2 is a novel bacteriophage, consisting of a circular, double-stranded 62,220-bp DNA molecule with a GC content of 60.11% that encodes 86 putative open reading frames (ORFs). The lipopolysaccharide of A. xylosoxidans is involved in the adsorption of phiAxp-2.
Scientific RepoRts | 6:34300 | DOI: 10.1038/srep34300 of negatively stained phiAxp-2 virions showed an icosahedral head and a long noncontractile tail (Fig. 1b) . The average particle had a capsid of approximately 56 nm in diameter and a tail length of approximately 230 nm, and the phage is therefore morphologically similar to phages in the order Caudovirales and family Siphoviridae. Host range tests suggested that among all the species tested (n = 14), phiAxp-2 was specifically virulent to only four strains of A. xylosoxidans (Table 1) . Besides the reported multidrug-resistant strain A22732, the other three clinical A. xylosoxidans strains were shown to be resistant to aztreonam and tobramycin 6 .
Latent period and burst size.
There is a progressive relationship between burst size and the latent period, such that an optimal latent period leads to high phage fitness, and an increase in burst size may contribute to plaque size or larger plaques with higher burst sizes 7, 8 . A one-step growth curve of phage phiAxp-2 propagated on A. xylosoxidans A22732 was constructed. The latent period of phage phiAxp-2 was 180 min. The burst time was approximately 240 min and the burst size was 2,985 pfu/cell (burst size = the total number of phages liberated at the end of one cycle of growth/number of infected bacteria) (Fig. 1c) .
Microbiological characterization. Figure 2a shows the pH sensitivity of phage phiAxp-2. The phage maintained its infectivity when incubated at 37 °C in a pH range of 4-11. At pH 1 and pH 14, approximately 100% reductions in the phage particle counts were observed. The loss of viability when phage phiAxp-2 was subjected to various temperatures is shown in Fig. 2b . Phage phiAxp-2 displayed heat-sensitivity at 50 °C, 60 °C, 70 °C, and 80 °C. Treatment at 80 °C for 75 min completely inactivated the phage. As shown in Fig. 2c,d , the activity of phage phiAxp-2 was affected by the presence of ethanol and isopropanol. The most effective concentrations of ethanol (95%, v/v) and isopropanol (95%, v/v) reduced the phage titer by 76% and 84%, respectively, after 90 min. Because many phages require divalent ions (such as Ca 2+ or Mg
2+
) for optimal adsorption 9 , the ion-dependence of phage phiAxp-2 was determined. The most efficient infection was achieved with concentrations of 15 mM Mg 2+ and 10 mM Ca 2+ (Fig. 2e) . Scientific RepoRts | 6:34300 | DOI: 10.1038/srep34300 Genome characterization. For the future application of phage phiAxp-2 to protect humans from A. xylosoxidans infections, the phage must be characterized in detail, including its genomic sequence. The genomic DNA of phiAxp-2 was extracted and purified, and its genome was completely sequenced and analyzed. Analysis of the sequence found that the restriction endonuclease HindIII had nine cutting sites in the genomic DNA. Thus, it was expected that when HindIII was used to digest the DNA, ten fragments would be generated if the DNA comprised a linear genome, but if the genome was circular, nine fragments would be generated. The HindIII digestion experiment generated nine fragments in the agarose gel (Fig. 3) , revealing that the phiAxp-2 genome is a circular molecule. The complete circular double-stranded DNA genome of phage phiAxp-2 is 62,220 bp in length with a G+ C content of 60.11%. This percentage is lower than those of the complete Achromobacter genomes sequenced so far (65-66% G+ C content), but is higher than those of the sequenced A. xylosoxidans-specific phages, JWAlpha (KF787095) and JWDelta (KF787094), which are 54.4% and 54.2%, respectively 5 . Analysis of the phage phiAxp-2 genome revealed 86 putative open reading frames (ORFs). The National Center for Biotechnology Information (NCBI) database was scanned for homologues of the proteins encoded by the predicted ORFs using BlastP. Because the genome of phiAxp-2 diverges from other available phage genomes, only a limited number (33%) of protein functions could be predicted with similarity searches, highlighting the novelty of this phage. Therefore, a more detailed investigation is required to fully understand the nature of this novel phage. Twenty-eight ORFs showed some similarity in the BlastP analysis. Putative functions were assigned to 22 ORFs based on these similarities. Despite the low number of annotated ORFs, different modules can be recognized in the phiAxp-2 genome, which encodes proteins for (i) DNA replication, regulation, and modification, (ii) DNA packaging, and (iii) head and tail morphogenesis (Fig. 4) . All of these functional clusters are located in ORF1-ORF34, which constitutes approximately 60% of the whole genome length. The remaining ORFs showed less or no similarity to other proteins in the NCBI database.
The left half of the phiAxp-2 genome (ORF1-ORF29) has a similar genomic structure and encodes proteins most similar to each of the Burkholderia phage AH2 (JN564907) proteins from ORF78-ORF50 (the right half of the AH2 genome; excluding nine proteins) in the reverse transcription direction (Fig. 4 and Table 2 ). However, the range of overall similarity was as low as 29-57% at the amino acid level, and genomic comparisons with AH2 showed that in many instances, only small parts or domains of the ORFs were conserved. The most similar of these protein was the portal protein (57% identity with AH2 gp65) and the least similar was the decorator protein (24% identity with AH2 gp63) ( Table 2 ). Phage AH2 is most closely related to Burkholderia phage BcepNazgul (NC005091) 10 , and a multiple genome alignment of the chromosomes of phiAxp-2, AH2, and BcepNazgul confirmed their relatedness (Fig. 5 ). Despite the similarities in their virion morphologies (the AH2 virion also has a noncontractile tail of approximately 220 nm and a capsid approximately 60 nm in diameter 10 ), a phylogenetic analysis of the DNA polymerase and the terminase large subunit predicted that phiAxp-2 is most closely related to AH2 (Fig. 6a,b) . Because the proteins of phiAxp-2 have largely uncharacterized functions, its genome must encode several new viral proteins. We predict that the large-scale genomic rearrangement in phiAxp-2 was mediated by transposase genes. However, we did not identify any transposase gene. Such genomic rearrangements may have caused the genomic diversity observed in the phages, resulting in the biological differences that distinguish them.
Module analysis. Genes for DNA replication and DNA metabolism occur at the beginning of the phiAxp-2 genome, followed by packaging genes and the structural genes. ORF1-9 encode proteins for DNA replication, regulation, and modification, and six of them encode proteins with homology to AH2 proteins (35-45% identity): DNA primase (ORF1), exonuclease (ORF5), single-stranded DNA binding protein (ORF6), DNA polymerase (ORF7), resolvase (ORF8), and helicase (ORF9). The DNA packaging genes (the terminase subunits, ORF11-ORF12) of phiAxp-2 both have counterparts in AH2. phiAxp-2 ORF11 codes a 199-amino-acid (199-aa) protein with limited similarity (32%) to the known small terminase subunit of phage AH2. A DUF1441 superfamily member was detected using BlastP-based tools, and appears to be distantly related to other helix-turn-helix DNA-binding motif families, so may also be involved in the recognition of viral DNA and the subsequent initiation of viral packaging 11 . The gene immediately downstream from ORF11 encodes a 695-aa protein with 54% identity to the large terminase subunit of AH2, which implies a similar function in DNA packaging. ORF12 is predicted to have a GpA (pfam05876) domain, which is actively involved in the late stages of packaging, including DNA translocation. ORF13-ORF17 make up the capsid morphogenesis module, containing genes encoding the head-tail joining protein (ORF13), portal protein (ORF14), prohead protease (ORF15), decorator protein (ORF16), and major capsid protein (ORF17). Each of these proteins is similar to an AH2 protein, with percentage identities of 29-57% (Table 2) . Among these proteins, the portal protein is thought to form the hole through which DNA is packaged into the prohead, and is also a part of the packaging motor 11 . All the genes encoded by ORF20-25 have counterparts in AH2 (31-55% identity), and three were annotated as tail proteins: ORF22, ORF24, and ORF25. Like most tailed phages, phiAxp-2 encodes two tail proteins proximal to the tail tape measure gene 12 . The tape measure protein of phiAxp-2, encoded by ORF26, has no sequence similarity to that of AH2, although the two proteins have similar functions in the assembly of the phage tails and in tail length determination 12, 13 . phiAxp-2 ORF27 is distantly related to the Escherichia phage N4 tail sheath protein, which is known to interact with the N4 outer membrane receptor, NfrA 14 . phiAxp-2 ORF28 encodes a capsid and scaffold protein that is absent in AH2. The scaffold protein assists in the assembly of the outer shell and dissociates from the capsid during subsequent DNA packaging 11 . ORF29 encodes a tail assembly protein that has 31% amino acid identity with the AH2 tail assembly protein. ORF33 and ORF34 encode a tail assembly protein and a virion-associated protein, respectively. Neither is present in AH2. Following the structural components, there is a region encoding small and uncharacterized proteins, which spans about 24 kb. No genes similar to the genes for lysin or holin have yet been detected in the phiAxp-2 genome, which are responsible for host cell disruption during the burst steps of phages 15 , although the clearing of the bacterial culture at a specific time point strongly suggest that they exist.
Identification of the host receptor. The adsorption of the phage to the bacterial surface is the first and most important step in the phage infection process. Both the lipopolysaccharide (LPS) and outer membrane proteins located on the surfaces of Gram-negative bacteria can be used as phage receptors. In the present study, protease K and periodate were used to destroy the A. xylosoxidans outer membrane proteins and LPS, respectively, to determine the attachment site for phage phiAxp-2 on the cell surface of A. xylosoxidans (Fig. 7a,b) . Phage adsorption to LPS-deficient A. xylosoxidans cells was inhibited, indicating that phage-specific adhesion is mediated by LPS (Fig. 7b) . These results were confirmed with a phage inactivation assay performed with pure LPS isolated from strain A22732. These experiments showed a direct correlation between the LPS concentration and the inhibition of viral particle infectivity (Fig. 7c) , and approximately 12.5 μ g/ml LPS inhibited the activity of 50% of 2.8 × 10 3 pfu phiAxp-2. LPS of E. coli 0111:B4 was used as the negative control and showed no phage-inactivating capacity compared with A. xylosoxidans LPS, indicating that A. xylosoxidans LPS is the specific receptor for phage phiAxp-2.
Concluding remarks. In this study, we have characterized a Siphoviridae phage that infects the important nosocomial pathogen A. xylosoxidans. Genomic data are an important resource with which to study and engineer phages to control specific bacterial species 15 , and advances in phage genomic characterization have made phage therapy more feasible in terms of both its logistics and safety 10 . A combination of genomic sequencing and a morphological analysis showed that phiAxp-2 is a member of the family Siphoviridae, and is related to the previously sequenced phage AH2. The most striking feature to emerge from a comparative analysis of the phage genome was the extensive mosaic structure of phiAxp-2, which contains different segments with distinct evolutionary histories. The results of this comparative analysis indicate that the left half of the phiAxp-2 genome has a similar genomic structure to partial genomic sequences of AH2. A simple general explanation is that horizontal genetic exchange has played a dominant role in shaping these genomic architectures. Gene modules are exchanged using host-or phage-encoded recombination machinery 16 . This analysis provides an important contribution to the field of bacteriophage genomics and a foundation upon which to extend our understanding of the natural predecessors of A. xylosoxidans. Further clarification of the functions of the unique hypothetical phage proteins identified may provide new insight into the mechanisms of genome evolution. Identification of the receptor molecules of phages provides crucial insight into the early stages of infection 17 . Our results show that phage phiAxp-2 recognizes LPS as its primary receptor for adsorption. Further studies of this phage will be useful in understanding the role of phages in evolution and bacterial lifestyles. 
Methods
Bacterial strains, bacteriophage, and media. A 16S rDNA sequence analysis was used to identify the host bacterium. The multidrug-resistant A. xylosoxidans A22732 strain was used as an indicator for phage screening of sewage samples. The samples were centrifuged at 12,000 × g for 10 min to remove the solid impurities, the supernatants were filtered through a 0.22 μ m pore-size membrane filter to remove bacterial debris. The filtrates were mixed with A. xylosoxidans culture to enrich the phage at 37 °C. Following enrichment, the culture was centrifuged at 10,000 × g for 10 min, and then the supernatant was filtered with a 0.22 μ m pore-size membrane filter to remove the residual bacterial cells. The filtrate (0.1 ml) was mixed with 0.3 ml of A. xylosoxidans in LB culture and 3 ml of molten top soft nutrient agar (0.75% agar), which was then overlaid onto solidified base nutrient agar (1.5% agar). Following incubation for 6 h, clear phage plaques were picked from the plate 18 . The phage titer was determined with the double-layered method. Luria-Bertani (LB) broth or LB agar was used to culture the bacterium. The host range of the phage was tested against 17 clinical strains from our microorganism center with standard spot tests 19 .
Electron microscopy. Phage particles were allowed to adsorb onto a carbon-coated copper grid before they were negatively stained with 2% phosphotungstic acid (pH 7.0). After the grid was dried at room temperature, it was examined under a Philips TECNAI-10 transmission electron microscope. The DNA polymerases and large terminase subunits were compared using the ClustalW program, and the phylogenetic tree was generated with the neighbor-joining method and 1000 bootstrap replicates (CLC Genomics Workbench 6).
Scientific RepoRts | 6:34300 | DOI: 10.1038/srep34300
One-step growth curve. For the one-step growth curve analysis, A. xylosoxidans cells (optical density at 600 nm [OD 600 ] = 0.5) were infected with phage phiAxp-2 at a multiplicity of infection of 0.0001. The bacteriophage was allowed to adsorb for 5 min at 37 °C. The mixture was then centrifuged at 12,000 × g for 30 s to remove any unadsorbed phage particles, and the resultant pellet was resuspended in 5 ml of LB medium. The samples were incubated at 37 °C and collected every 20 min for 300 min.
Stability studies. A temperature-controlled incubator was used to determine the stability of phiAxp-2 at different pHs or temperatures, and in the presence of disinfectants or ions. Briefly, a 1.5 ml tube containing a filter-sterilized phage sample was incubated at a specified temperature or pH. After the desired treatment, the tube was cooled slowly and placed in an ice-water bath, and the samples were assayed to determine the surviving plaque-forming units (pfu). To test the phage sensitivity to disinfectants and ions, a known amount of phage was incubated with different concentrations of disinfectants or ions. The plates were then overlain with liquefied soft agar (LB with 0.75% [w/v] agar) containing the host cells and incubated at 37 °C for 12 h.
Genome sequencing and assembly. The purified phage DNA was sequenced with an Illumina HiSeq 2500 sequencer. The sequence reads were filtered to remove low-quality sequences and trimmed to remove adaptor sequences, and the filtered sequences were assembled. The final assembled sequence was compared with current protein and nucleotide databases (http://www.ncbi.nlm.nih.gov/) using the Basic Local Alignment Search Tool (Blast) software 20 . BlastP was used to determine the similarity of the deduced phage proteins to proteins in the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov). Simulation of the restriction enzyme mapping of the phiAxp-2 genome sequence was carried out using the software package DNAStar. The phiAxp-2 DNA was digested by selected restriction endonucleases (HindIII, purchased from New England Biolabs, Ipswich, MA, USA). For a reaction system of 20 μ L, 10 units of the restriction endonuclease and 300 ng of phiAxp-2 DNA were used. The mixture was incubated at 37 °C for 180 min and then used to perform agarose gel electrophoresis. Agarose gel electrophoresis was subsequently performed to separate the restriction fragments. The CLC Main Workbench, version 6.1.1 (CLC bio, Aarhus, Denmark) was used to annotate the genome. The computer-based predictions were checked manually. A phylogenetic analysis, together with the published genomic sequences of related phages, was conducted with ClustalW (Slow/Accurate, IUB). Whole-genome comparisons were made with Mauve 21 .
Identification of the phage receptor. The receptor properties of phiAxp-2 were determined as described previously 22 . Briefly, A. xylosoxidans A22732 cultures were treated with sodium acetate (50 mM, pH 5.2) containing 100 mM IO 4− at room temperature for 2 h (protected from light) or proteinase K (0.2 mg/ml; Promega) at 37 °C for 3 h to determine whether proteinase K or periodate destroys the phage receptor. A phage adsorption assay was then performed, as previously described 23 . LB medium was used as the nonadsorbing control in each assay, and the phage titer in the control supernatant was set to 100%. Each assay was performed in duplicate and repeated twice 22 .
Phage inactivation by LPS. LPS was extracted from A. xylosoxidans using an LPS extraction kit from Intron Biotechnology (17144; Boca Scientific, Boca Raton, FL, USA), according to the manufacturer's instructions. A control containing LPS from Escherichia coli O111:B4, purchased from Sigma-Aldrich, Inc. (L2630; Sigma, USA), was used as the negative control to ensure that any effect was specific to A. xylosoxidans LPS. Phage inactivation by LPS was tested as previously described 24 .
Nucleotide sequence accession number. The nucleotide sequence of phiAxp-2 phage reported in this article has been deposited in the GenBank database as accession number KT321316.
